The developing PNS normally undergoes a period of cell death, the extent of which depends on the availability of the target tissues (Hamburger and Oppenheim, 1982; Cowan et al., 1984) . In the avian ciliary ganglion (CC) evidence suggests that the neurons compete for trophic support from their targets during the cell death period (Pilar et al., 1980; for recent review, Pilar et al., 1988) . The exact nature, source, and specificity of the trophic factor(s) are of interest because the neurons of the CG are approximately equally divided into two distinct populations that innervate two different types of muscle targets: ciliary neurons that innervate striated muscle (iris and ciliary body) and choroid neurons that innervate smooth muscle (blood vessels in the choroidal coat of the eye) (Marwitt et al., 1971; Landmesser and Pilar, 1974; . Both of these neuron populations exhibit about 50% cell death around the time of synaptogenesis in their target tissues (Landmesser and Pilar, 1974; . Although in vitro techniques have established that striated muscle from non-eye sources (e.g., skeletal muscle) provides a factor or factors that support both populations of neurons in dissociated cell culture (Bennett and Nurcombe, 1979; Nishi and Berg, 1979; Creedon and Tuttle, 1988 ), attempts to demonstrate trophic support by smooth muscle, including the choroid itself, have failed (Creedon and Tuttle, 1988) . Because of the anatomical location of the choroid coat of the eye, the choroid cannot be specifically removed in ovo to determine the effect of this target on the neurons that innervate it. Thus, Creedon and Tuttle's work provides the only data that specifically addresses the developmental relationship between choroid neurons and their target. It is significant, therefore, that their data challenged the widely held postulate that neurons depend on their targets for survival. The present work demonstrates that choroid explants, dissociated cells from the choroid, and choroid-conditioned medium (CCM) all are capable of providing a factor that promotes survival of CG neurons in vitro. Furthermore, our finding that the conditioned medium from a simple smooth muscle preparation (the avian amnion) also promotes the survival ofCG neurons suggests that the factor necessary for survival is probably supplied by smooth muscle. Finally, with extensive electron microscopy (EM) studies, we attempt to define the nature of the anatomical interaction between the surviving neurons and their target tissues.
An abstract partially describing these results was presented elsewhere (Wentzek et al., 1989) .
Materials
and Methods Cell culture Neurons. Dissections were done in oxygenated Tyrodes (in mM): 134 NaCI, 3 KCl, 3 CaCI,, 1 MgCl,, 12 glucose, 20 NaH,CO,, pH 7.2, with a dash of phenol red. Unless noted otherwise, cultures were grown in the chemically defined (N2) medium of Bottenstein (1983) . This medium is Dulbecco's Modified Eagle's Medium (DMEM) and Ham's Nutrient Mixture (F12) (1: 1; Sigma) with added (final concentrations) sodium bicarbonate (15 mM), sodium selenite (30 nM), putrescine (100 PM), progesterone (20 mM), insulin (5 mg/ml), and conalbumin (40 mg/ ml). Also included were alutamine (1 mM). uvruvate (1 mM). penicillin (160 r/ml), and streptomycin sulfate (0.l -&/ml). &ltur&'were fed (Hamburger and Hamilton, 1951) chick embryos by exposing the lateral side of the optic nerve near the posterior portion of the sclera. Ganglia were dissociated by incubation in 0.08% trypsin in Ca*+-and Mg2*-free Tyrodes at 4°C for 5 min before switching to 37°C for 25 min. The trypsin was removed and inhibited by three washes with DMEM:FlZ containing 10% heat-inactivated horse serum. The ganglia were then mechanically dissociated by trituration with pipettes of diminishing bore. The final suspension of cells was centrifuged at 100 x g and resuspended in N2 medium. Dissociated CG cells were plated on poly-Dr.-omithine (P-Om)-coated plastic, P-Om-coated Aclar coverslips, or choroidal tissue. Neurons on P-Om were plated with a 50-I 00 ~1 drop of N2 (containing 0.5-1.0 ganglion) and incubated at 37°C for l-2 hr. One milliliter of the indicated medium was then added. The number of neurons per well was estimated by counting the neurons in a field at the center of the original drop and then counting four more fields adjacent to the first. Phase-bright cells, as well as round, gray cells with well-defined nuclei and nucleoli (and usually a process), were counted. The latter class of cell was clearly neuronal since examples were followed in culture and observed to become phase bright and elaborate long, thin processes. Independent counts by two different investigators gave the same results for each well within 10%. Initial plating densities from these counts were approximately 8000 neurons/cmz. Choroid explant and choroid dissociated cells. Choroid coats from chick embryo eyes (St 4 142) were exposed by hemisection of the eye around the limbus and removal of the vitreous humor and lens. After the choroid fissure and retina were excised (see Creedon and Tuttle, 1988 ) the choroid was cleaned of pigmented epithelium by gentle scraping with a small piece of cotton and separated from the sclera. These choroid sheets were either cultured intact or dissociated and plated in rat tail collagen-coated plastic wells. The choroids were dissociated by treatment with 0.3% collagenase for 1.5 hr at 37°C 0.08% trypsin for 10 min at 37°C and trituration (Creedon and Tuttle, 1988) . The dissociated choroid cells were plated and allowed to grow to confluence in either DMEM:FlZ with 10% fetal bovine serum (FBS) or DMEM:F12 with 5% chick embryo extract (CEE) and 10% horse serum over a period of about 5 d. When dissociated ciliary neurons (4000-6000/cm*) were added to the confluent choroid carpet, the medium was changed to either N2 alone or N2 with 10% horse serum. For coculture experiments, the medium was changed to N2 at least 24 hr before plating the neurons.
Primary cultures ofchickjibroblasts. Fibroblast cultures were prepared using skin from the scalp of two St 37 chick embryos. The tissue was minced, and incubated in 0.04% trypsin for 20 min before mechanical trituration.
The cellular suspension was plated on untreated plastic at an approximate density of 7 x lo4 cells/60 mm2 petri dish in an enriched medium of N2, 10% FBS, and 2% chicken serum. After 24 hr, the plates were gently washed with medium and fresh medium was added. When the cells covered the surface of the dish, the cells were incubated in 0.04% trypsin for 5-10 min and then resuspended. The cells were centrifuged (2000 rpm for 5 min) and replated at a density of 7 x 1 O4 cells/ dish. The cultures were passed three to eight times before being used as a substrate for neurons. At the last passage, the fibroblasts were plated on collagen-coated plastic plates. Twenty-four to 36 hr before seeding the CG neurons, the fibroblast culture medium was replaced by N2 medium. The following day, the fibroblast-"conditioned" medium was removed from the dishes and renlaced with fresh N2. Dissociated CG neurons were plated at a density of 6 x lo3 cells/cm2 on fibroblast cultures or in wells containing fibroblast-conditioned medium. Neuron survival was determined in neuron-fibroblast cocultures in N2 medium, N2 medium and 1.5% CIPE (defined below), or in fibroblast-conditioned medium.
3T3 jibroblast cell line. An intact, confluent monolayer of cells from the mouse fibroblast cell line 3T3 was used as a substrate upon which CG neurons were plated. The 3T3 cells were allowed to grow to confluence in N2 containing 10% FBS. On the day the neurons were plated, the FBS was removed by rinsing the fibroblasts with N2 without FBS. Parallel cultures were prepared; one set of wells contained an extract of choroid, iris (and ciliary body), and pigment epithelium (CIPE); the other did not. Neurons were counted under phase optics at 2 and 5 d.
Cocultures of dissociated neurons with intact choroid explants Choroids were removed as described above and pinned to Sylgardcoated 35 mm plastic petri dishes containing 3 ml of N2 medium, one or two choroids per dish. For most of the experiments, most of the pigmented epithelium was removed while in some experiments little attempt was made to remove it. In the former case, no more than 5% of the area of the choroid was still covered with pigment. After the choroids were in culture for 24 hr, freshly dissociated neurons were plated onto 1 cm* pieces of P-Om-coated Aclar and incubated for 1-2 hr in N2 in separate wells. The pieces of Aclar were then transferred to dishes containing intact choroids. In other experiments, the neurons were seeded directly on top of the choroid sheets.
Preparation of conditioned medium and eye extracts Chick embryo extract (CEE) was prepared according to published methods (Paul, 1970) , as were the extracts from various eye tissues (Manthorpe et al., 1980) . Briefly, the different eye extracts were obtained by tissue homogenization at 4°C in distilled water (0.5 ml/eye) and subsequent addition of 1 M sodium phosphate buffer (1 ml in 100 ml of extract) at pH 7.0. The homogenate was then centrifuged for 70 min at 32,000 rpm and the supematant passed through a 0.22 pm filter. Choroid-conditioned medium (CCM) was prepared from St 4 l-42 choroids that were pinned flat in 35 mm Sylgard-coated petri dishes (2 choroids/ dish), as described above. Each coat weighed 6-8 mg and, in its flattened state, had a total surface area of approximately 1.5 cm2. Approximately 3 ml of N2 medium was added to the dishes and the conditioned medium was collected 2-3 d later. The CCM was subsequently decanted and either used fresh or stored at -70°C until use. For some experiments the CCM was diluted 1: 1 v/v with fresh N2, while for others it was centrifuged at 32,000 rpm for 70 min or concentrated using Centricon centrifugal microconcentrators (Amicon). Amicon centrifuge microconcentrators of 10 kDa molecular weight cutoff were used to concentrate the CCM. Because we were concerned that concentrating the medium would concentrate metabolic byproducts as well as the factor(s) of interest, we prepared a 10x concentrate of conditioned medium and diluted it 1: 1 with fresh N2 medium. To verifv that none of the activitv was lost to the filtrate, we tested the survival activity of the filtrate (< 16 kDa molecular weight) and found that it did not contain any survival activity (data not shown).
Microscopy
Immunolabeling.
A mouse monoclonal antibody (C2) against a neurofilament antigen was used to visualize neurons and their processes (Dahm and Landmesser, 1988) . Cultures were fixed for 2 min at -20°C with acetone, and then incubated in the C2 hybridoma supematant diluted I:2 with PBS (20 mM sodium phosphate pH 8.0, 0.9% NaCI) and 0.9% Triton-X 100 (0.23% Triton, final) for 2 hr at room temp. The tissue was then further fixed for 25 min with 4% paraformaldehyde in PBS and incubated with a fluorescein-coupled goat anti-mouse IgG (Sigma) diluted 1:50 in PBS and 2% bovine serum albumin for 3.5 hr at room temp. The preparations were observed and photographed under epifluorescent illumination using a Nikon Microphot-FX microscope. Transmission EM. Tissue for transmission EM (TEM) was fixed with 1.5% glutaraldehyde, 1.5% paraformaldehyde, and 1.5% acrolein in 0.1 M sodium cacodylate, pH 7.2, at 4°C for 3 hr. For choroid explants, the tissue was osmicated 1 hr with 2% 0~0, in 0.1 M sodium cacodylate, washed with distilled water, dehydrated through ascending series of ethanol to propylene oxide, and embedded in Epon-Araldite.
Thin sections were cut on an LKB Ultratome III, mounted on uncoated grids, sequentially stained with uranyl acetate and lead citrate, and viewed with a Philips 300 EM. Dissociated choroid cultures were fixed, osmicated, and dehydrated directly on Aclar coverslips before embedding in a thin layer of Epon-Araldite.
After polymerization, the Aclar was peeled away and the cultures were viewed under an inverted microscope. Selected regions were cut out of the sheet of resin and subsequently reembedded in Epon-Araldite.
The blocks were sectioned, mounted, and stained as usual.
Labeling of ciliary neurons
We selectively back-labeled one population of neurons in the ganglion with the lipophilic fluorescent dye DiI (1, I'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate) (Honig and Hume, 1986) . We labeled the ciliary neurons because these nerves exit the ganglion through a large main trunk and are easier to inject than the smaller, finer fibers of the choroid nerves. The procedure was performed on intact isolated ciliary ganglia, superfused with oxygenated Tyrodes at 35°C as follows: St 34 ciliary ganglia were dissected out and the ciliary nerves were exposed. The ganglia were left attached to a small wedge of sclera conThe Journal of Neuroscience, July 199% f3 (7) taining the choroid nerves for ease of handling and postinjection examination (see below). DiI (3 mg/ml in 100% ethanol) was pressure injected from a glass micropipette inserted into the trunk of the ciliary nerve l-2 mm from the body of the ganglion. After allowing up to 12 hr for the dye to diffuse back to the ciliary neuronal somata, the ganglia were removed and the scleral wedges were examined under a rhodamine filter for retrograde label of the ciliary nerves and the absence of dye in the choroid nerves. Successfully injected ganglia were dissociated and plated at a density of 0.5 ganglion/well in P-Orn-treated 24-well plastic tissue culture dishes. To determine the ratio of labeled to nonlabeled neurons at initial plating, five 1 mm x 1 mm fields in each well were alternately observed under phase-contrast optics and epifluorescent illumination using a rhodamine filter. Cells were counted at plating and after 2 and 5 d of culture. Choroid neuron (plus unlabeled ciliary neu- 
Results

Culture conditions
Cells were cultured in a defined medium (N2) with additives, as noted. Dissociated neurons from St 34 CG attached to the P-Orn-coated surface of the tissue culture wells. When CIPE, an extract of the intraocular muscle targets of the ganglion, was added to the basic medium (1.5% v/v), the neurons extended processes and survived for over a week (Fig. 1A: phase-contrast . Consistent with previous studies (Skaper et al., 1984) , these neurons did not survive for 48 hr when cultured without this target-derived extract (Fig. lB 
Coculture of intact choroid coats with dissociated neurons
To test the possibility that the process of dissociating the choroid altered the surviving cell types or eliminated some cell types originally present in the tissue, dissociated CG neurons were plated directly on top of intact choroid sheets. After 2 d, not only had the neurons survived but their processes had grown vigorously, creating striking parallel arrays of fibers covering the explants ( Fig. 2A) . Initially, the cell bodies of neurons applied to the intact choroid were distributed randomly on the tissue. However, after 5 d in culture, the cell bodies of the neurons had altered their distribution and aggregated into clusters while their processes had become fasciculated (Fig. 2B ).
To determine whether axonal processes were actually making contact with smooth muscle cells within these choroidal coat explants, ultrastructural studies were performed. The gross anatomy of the intact embryonic choroid in organ culture differs from that of the in situ tissue, making ultrastructural distinction of the different cell types difficult. The blood vessels and lacunae that were clearly identifiable in the intact tissue are no longer visible. However, smooth muscle cells are relatively common in the explants and can be identified by the presence of thick and thin filaments (Fig. 3A, stars) . This allows smooth muscle cells to be distinguished from fibroblasts and glia, which have only one kind of filament. However, smooth muscle cells in culture shift from a contractile to a synthetic mode (Thyberg et al., 1990) , substantially decreasing the number of myofilaments, and most of these filaments in St 4142 choroid are found at both poles of the cell . This makes ultrastructural identification of smooth muscle cells difficult, requiring serial sections to make this distinction in some cases. Neurons grown on the explant extend processes that can be clearly identified as neuritic by their characteristic microtubules and round shape (Fig. 3B) , and in many cases these axons (a) and varicosities (v) were seen in close contact with the smooth muscle cells. However, for the reasons stated above, many observed neuronal contacts may have been on smooth muscle cells that could not be unambiguously identified in single sections.
Survival of neurons on intact choroid explants
Measurements of neuron survival on the intact choroid after 2.5 din culture indicated that 48% ofthe neurons initially plated had survived (Fig. 4, hatched bar) . However, after longer periods (>2.5 d) of coculture, accurate neuron counts proved difficult to obtain because the choroid explants had the tendency to shrink in culture. Consequently, although dissociated neurons clearly survived on choroid tissues, the exact cell count after 2-3 d was unreliable. We observed that, in addition to being plated on the choroid substrate, many neurons were unintentionally plated on the untreated Sylgard-covered areas of the culture dishes. These cells, although not in contact with the target tissue, were bathed in the same medium and grew well under these conditions. Phase-contrast counts of these neurons indicated that at 2.5 d their survival was comparable to that of the neurons on top of the explants (approximately 48% of the initial count; compare Fig. 4 : choroid, hatched bars; Sylgard, open bars). The presence or absence of pigment epithelium on the choroid sheets did not affect the survival of the ciliary neurons in either condition (data not shown).
Cocultures of dissociated choroid with CG neurons
The above results demonstrate that explants of the choroid target tissues support the survival of the neurons in culture. These results conflict with earlier work by Creedon and Tuttle (1988) , which showed that smooth muscle preparations, including dissociated cells from the choroid coat of the eye, did not promote survival of ciliary neurons in culture. In the following experiments, we examined the survival of the neurons using a cultured dissociated choroid preparation. Confluent cultures of dissociated choroids from St 4 1 embryos supported the survival of approximately 40% of cocultured dissociated CG neurons in N2 media for at least 5 d (Fig. 5 , solid squares). To explain the difference between our results and those of Creedon and Tuttle (1988) we examined the difference in culture conditions between the two laboratories. In fact, when we duplicated their culture conditions by adding 5% CEE and 10% horse serum to the culture medium (neither of which is present in N2 medium) during the attainment of confluence of the dissociated choroid, the dissociated ciliary neurons did not survive 48 hr in culture (Fig. 5 , open squares) and their survival is comparable to neurons grown in N2 alone (Fig. 5 , open circles). This was true, even though the serum and extract were removed from the medium before the neurons were plated onto the dissociated choroid (see Materials and Methods). Therefore, this difference between culture media appears sufficient to account for the different results obtained by the two laboratories. TEM also reveals the presence of smooth muscle cells in the dissociated choroid tissue (Fig. 6A ) as in the explant (Fig. 3A) . The cytoplasmic filaments with characteristic dense bodies seen (Fig. 6A, arrow) are diagnostic of smooth muscle. The neurons can be observed growing processes into dissociated choroid cells. Figure 6B shows an axon bundle in cross section partially surrounded by a satellite cell. As shown in this plate, there is a close relationship between growing axons and dissociated cells. In some cases, as in Figure 6C , a growth cone (gc) is seen 0.2 pm from a smooth muscle cell (sm), and varicosities containing both clear and dense-core vesicles (Fig. 60) are seen close to smooth muscle cells (sm), the presumptive target cells of these neurons. However, many of the contacts occur between growth cones (Fig. 7, gc) and smooth muscle (sm) cells that express the synthetic phenotype, which is characterized by extensive rough endoplasmic reticulum (RER) and a prominent Golgi complex (G).
D@isible factors from CCM support neuron survival To determine whether a diffusible factor(s) was involved in the survival of CG neurons in vitro, cocultures of neurons without direct contact with the target tissue (Fig. 4) were made by plating the neurons on Aclar coverslips and subsequently transferring them to dishes containing intact choroid tissue in N2 media. Under these conditions (coculture without direct contact between the neurons and the choroid explant) 80-100% of the neurons survived for 2 d (Fig. 8: open squares, Aclar grown; solid squares, grown outside the explant). Neurons in N2 alone did not survive (Fig. 8, open circles) . Therefore, it is clear that the target tissue, as well as medium conditioned by the target tissue, can support the survival of CG neurons. However, irrespective of the conditions used (intact, dissociated, or medium conditioned by choroid), not all of the neurons survive 3.5 d in culture (between 30% and 60%; see Figs. 4, 5, 8) . In contrast, CIPE extract rescues all the neurons (Figs. 1B; 5 and 8, solid circles). There are at least two plausible explanations for the partial survival observed: the survival factor from the choroid could be specific for those neurons that innervate it (recall that the choroid is the natural target for only Xl-60% of the ganglionic neurons; Landmesser and Pilar, 1974; Pilar et al., 1980) , or, alternatively, the survival factor(s) produced by the choroid explants could be present in insufficient titer to support all the neurons. The following section describes experiments designed to distinguish between these two possibilities.
Is there a choroid-derived trophic factor that is specific for choroid neurons?
To test whether the survival factor from choroid tissue was specific for the choroid population of CG neurons, we selectively . 6 ). A central domain of the growth cone (gc) is recognized by its abundance of organelles, clear and dense-core vesicles, and microtubules. This structure, surrounded by a unidentified cell, is in close proximity to a smooth muscle cell expressing the synthetic phenotype (sm). This cell was followed in a partial serial reconstruction until a few myofilaments were identified (not shown). RER, rough endoplasmic reticulum; G, Golgi system. Two axons (a) are seen abutting the smooth muscle cell (sm). Scale bar, 1 pm. labeled the ciliary neurons and monitored survival of the dissociated neurons in the presence of CCM. Ciliary neurons were specifically labeled by injecting the lipophilic dye DiI (dissolved in 100% EtOH) into the stump of the ciliary nerve trunk. The DiI diffused retrogradely by the lipid moiety of the cell membrane to the cell bodies of the CG. Usually, the spread of the dye was restricted to the ciliary nerves, and thus to the ciliary neurons. However, occasionally the choroid neurons were inadvertently labeled and these were detected by visualizing the choroid nerves under epifluorescence (e.g., Fig. 9D, ch) . These contaminated preparations were not used. In Figure 9 
Effect of concentrated CCM on neuron survival
Because we found no apparent specificity of the factor in CCM for the choroid neurons that innervate it, we next tested whether neuron survival could be increased by concentrating the conditioned medium. The survival of neurons grown in concentrated CCM was assayed 2 and 4 d after plating by counting and the results are shown in Figure 12 . Two concentrations were tested, 2.5 x (open bar) and 5 x (hatched bar). After 2 d, both concentrations resulted in 100% survival, but after 4 d 100% survival was only maintained with the higher concentration. The experiments indicate that the factor(s) provided by the choroid has a molecular weight of more than 10 kDa and is capable of supporting the survival of both populations of CG neurons.
Characterization of cell type responsiblefor survival activity complexity is retained in cultured choroid, although dedifferentiation (Charnley-Campbell et al., 1979) of smooth muscle cells may occur. Smooth muscle cells shift from the contractile to the synthetic phenotype ( Fig. 7 ; Thyberg et al., 1990 ) making the distinction between fibroblasts and smooth muscle cells more difficult. In fact, during in vivo development, the identification of smooth muscle was laborious because the smooth muscle cells expressed the secretory phenotype during the naturally occurring cell death period Thyberg et al., 1990) . By coculturing the neurons with simple cellular preparations, we have identified the cell types that provide trophic support for the CG neurons.
The avian amnion was used as a source of embryonic smooth muscle to test the ability of this tissue to support the survival of ciliary neurons in culture. Conditioned medium from the amnion supports dissociated ciliary neurons in vitro. The effect is dose dependent such that at 5 d 10% amnion-conditioned medium (ACM) and 50% ACM (v/v, diluted with N2) support 3 1% and 72% of the neurons originally plated (Fig. 13, open squares, solid squares, respectively). It is particularly noteworthy that this tissue is composed solely of smooth muscle and a simple epithelium, and is uninnervated, avascular, and devoid offibroblasts (Romanoff, 1960; Bowers and Dahm, 1992) . Thus, even a simple smooth muscle-containing tissue is capable of supporting dissociated ciliary neurons.
We used three different approaches to test for fibroblast involvement in the survival activity of CCM. First, confluent primary fibroblast cultures were used as a substrate for dissociated neurons in culture. After 3 d CG neurons were no longer observed in either the experimental (N2 medium) or the control (1.5% CIPE) wells. During this time, the fibroblasts overran the culture wells; therefore, it is possible that mechanical detachment of the neurons from the growing fibroblasts was a factor in the death of the neurons. Similarly, in control neuron-fibroblast cocultures with 1.5% CIPE, only a few neurons survived after 3 d. In other experiments, neurons were cocultured with fibroblasts whose ability to divide had been reduced by repeated passages. After 2 d only 25% of the neurons cocultured with fibroblasts in N2 medium survived when compared with control cocultures grown in N2 with 1.5% CIPE. Although these neurons survived throughout the 5 d culture period, none had processes. Second, fibroblasts from the mouse cell line 3T3 were tested as a substrate for St 35 CG neurons. The neurons were counted after 2 and 5 d of coculture with the fibroblasts. After 48 hr in N2 medium, fewer than 5% of the neurons initially plated were still alive. Finally, the ability of fibroblasts to release a soluble survival factor was tested by culturing neurons in primary fibroblast-conditioned medium (50% and 100%). In this experiment, all the neurons died within 2 d. 
Discussion
The purpose of this work is to test the general hypothesis that target tissues support the survival of the neurons that innervate them during development. This general principle has been demonstrated both in vitro and in vivo and is especially well documented for motoneurons innervating striated muscle targets (Pilar et al., 1988) . This principle was not tested in a smooth muscle system until recently, when Creedon and Tuttle (1988) demonstrated that one target of the CG neuron, vascular smooth muscle (and indeed the choroid coat of the eye itself), lacked the ability to support the neurons in vitro. The CG comprises two populations of motoneurons, one innervating the smooth muscle of the choroid coat vasculature and the other innervating the striated muscle of the iris and ciliary body. The fact that the smooth muscle target (the choroid) failed to support ciliary neuron survival led these investigators to suggest the intriguing possibility that neuron survival is regulated differently in neurons innervating smooth muscle and striated muscle targets.
Originally, our intent was to determine whether the process of dissociating the choroid, as Creedon and Tuttle (1988) had done, rendered this tissue incapable of supporting neuron survival in vitro. Instead, we found that dissociated choroid cells were as effective as intact choroid tissue "explants" in supporting the survival of CG neurons. EM studies of choroidneuron cocultures revealed axons and varicosities intermixed with other cellular elements of the explant. Moreover, we identified smooth muscle cells in the explant and in a few instances we visualized close contact (junctional regions) between terminal axons or varicosities and these cells. In cocultures of dissociated choroid we also observed a few close interactions between neurons and putative target cells. Interestingly, some of these contacts were made between growth cones closely juxtaposed (between 20 and 300 nm) with cellular elements, some of which displayed ultrastructural similarities (organelle distribution, filaments, and associated dense bodies) to smooth muscle cells. However, the rarity of close contacts observed between nerve and muscle cells, both in explants and in dissociated culture, suggests that many neurons are not making direct contact with these cells.
In coculture experiments such as those described here, it is difficult to separate the influence of target contact from an effect of conditioned medium on survival because the medium invariably becomes conditioned with a variety of substances leaked, secreted, or released from the cellular elements in the dish. This occurs in cocultures of neurons with striated muscle, where direct nerve-muscle contact is not the only factor implicated in survival Berg 1977, 1979) . Indeed, contact with muscle cells (White and Bennett, 1978) and muscle fragments (Tuttle, 1983) as well as exposure (without contact) to conditioned media from different kinds of tissues (striated and cardiac muscle; Collins and Lee, 1982; Vaca et al., 1985; Watters and Hendry, 1987) effectively support neurons in culture. Clearly, in many culture experiments it is difficult to assess the relevance of the observations to what is actually supporting the neurons in viva. In fact, our data have established that the complex anatomical interaction that occurs in vivo between neurons and their target cells is not necessary for their survival in vitro since all the neurons are rescued with CCM. Fibroblasts are probably not a source of trophic factor since only 25% of those neurons plated on a substrate of fibroblasts survive. One explanation for this partial neuronal survival is that the dying fibroblasts are a source of fibroblast growth factor (FGF, Creedon and Tuttle, 1990) . This is consistent with previous observations of similar neuronal survival of ciliary cells cocultured with fibroblast membrane remnants (Nishi and Berg, 198 1; Creedon and Tuttle, 1990 ).
Finally, although avian amnion contains only three layers of cells and two cell types, smooth muscle and epithelium, (Romanoff, 1960; Bowers and Dahm, 1992) , ACM also rescues all the dissociated neurons. The anatomical simplicity of the avian amnion, coupled with the fact that pigment epithelium is unnecessary for trophic activity, suggests that smooth muscle cells. may be sufficient as a source of trophic factor.
Our findings demonstrate that culturing choroid tissue in the presence of horse serum and embryo extracts actually prevents the choroid from later sustaining ciliary neurons. In contrast, dissociated choroids grown in defined N2 medium (without horse serum) maintain their survival activity. Toxic effects of horse serum on cultured motoneurons have been documented by several laboratories (Dohrman et al., 1986; Tanaka, 1987; Garcia et al., 1992) . We therefore attribute Creedon and Tuttle's inability to demonstrate trophic activity of dissociated choroid to the use of a medium containing horse serum that compromised the neuron survival-promoting activity ofthese cells. The tissue culture conditions we used may favor the expression of a smooth muscle phenotype that supports neuron survival. For example, it is well established that dissociation and culture of smooth muscle cells, from a variety of sources, result in a phenotypic transformation of the muscle that is associated with a loss of contractility (Charnley-Campbell et al., 1979; Thyberg et al., 1990) . Of interest, perhaps, to investigators using in vitro techniques is the fact that this transformation can be modulated by using different culture conditions (Hedin et al., 1988) . Of special relevance to the present study are recent data indicating that N2 medium maintains contractility of cultured smooth muscle more effectively than other media (Bowers and Dahm, 1993) . Moreover, the addition of serum to N2 medium causes loss of contractility in both intact and dissociated amniotic smooth muscle, while N2 media without serum maintained the contractile phenotype (Bowers, 1989; Bowers and Dahm, 1993) . It is possible, therefore, that the sensitivity of smooth muscle phenotype to culture conditions plays an important role in the ability of choroid to provide trophic support for CG neurons.
The results of the back-fill experiments demonstrate that the trophic activity from the choroid target of the CG is not specific for neurons that innervate it. This important issue was addressed directly by injecting the neurons innervating the ciliary body (striated muscle target) with DiI, dissociating the ganglia, and dispersing the neurons in medium containing 50% (v/v diluted with N2) CCM. That equal proportions of labeled and unlabeled neurons survived indicates that the factor(s) was affecting the two different neuron populations equally. The tendency for the neurons on intact and dissociated choroid to fasciculate may reflect a relative lack of affinity for the choroid tissue (Rutishauser et al., 1978; Rutishauser and Edelman, 1980) . However, the nature of the specific molecular cues responsible for the dramatic orientation of nerve fibers in young cocultures of intact choroid (see Fig. 2A ) and their apparent change with time are intriguing. It has been shown, for example, that embryonic CG neurons gradually lose lamininbinding integrin heterodimers between days 8 and 14 (Tomaselli and Reichardt, 1988) . This loss may contribute to the rearrangement of the neurons and their processes that we have observed. It should be noted that the intact choroid has highly patterned distributions of blood vessels .
The biochemical nature ofthe factor(s) described in this article remains unknown. Several molecules with neurotrophic activity for CG neurons have been isolated from a variety of sources, including chick eye (Barbin et al., 1984) , rat sciatic nerve (Manthorpe et al., 1986) , bovine cardiac muscle (Watters and Hendry, 1987) , and rabbit sciatic nerve (Lin et al., 1989) . The most wellknown trophically active component present in the choroid explants is ciliary neurotrophic factor (CNTF), a molecule of approximately 20 kDa that is apparently responsible for a significant fraction of the trophic activity of eye extracts (Barbin et al., 1984) . Recently, Nishi and collaborators purified and cloned a CNTF-related molecule from chick eye (Eckenstein et al., 1990; Leung et al., 1992) . This molecule, called GPA (growthpromoting activity), may be chick CNTF. GPA can support the survival of dissociated ciliary neurons in culture, is induced in the chick eye during normal ciliary neuronal cell death, is expressed in dissociated smooth muscle from choroid, and is released from cells transfected with GPA cDNA. However, CNTF is not the only molecule known to rescue CG neurons in culture. FGF has also been shown to support ciliary neurons in vitro (Unsicker et al., 1987; Giulian et al., 1988; Haynes, 1988) and in vivo (Dreyer et al., 1989) . The highly vascular choroid coat contains endothelial cells and smooth muscle cells, both of which are known to be sources of FGF (Speir et al., 1991) . Although recent work has suggested that neither CNTF nor FGF rescues ciliary neurons in vivo (Oppenheim et al., 1991 (Oppenheim et al., , 1992 , GPA has not yet been tested in this regard. Smooth muscle cells also secrete a variety of other growth-promoting agents, including platelet-derived growth factor (PDGF) (Majesky et al., 1990 ), but nothing is known about the effects of PDGF in promoting neuronal survival.
cell injury-induced "release" may have physiological relevance in viva for certain growth (Eckenstein et al., 199 1) and immune factors that respond to injury (Auron et al., 1984) , it is not the putative mechanism for trophic interactions during neural development.
In summary, our observations demonstrate that the choroid coat of the eye, a target of the CG with smooth muscle and endothelial/epithelial cells, supports the survival of all of the ganglion's neurons in a defined medium. The trophic activity of conditioned medium, explants, and dissociated choroid is consistent with other reports of trophic activity associated with extracts of various structures in the eye (Adler et al., 1979; Eckenstein et al., 1990; Leung et al., 1992) . It should be noted that, although others have used the word "choroid" to denote a particular extract, their protocol included the choroid, ciliary body, pigmented epithelium, and sclera (Adler et al., 1979) . Because both intact and dissociated choroids provide trophic support for CG neurons, an indirect argument can be made that cell injury and release of trophic substances is not the only factor involved in the present results. However, we need techniques to distinguish rigorously between secretion and constant low levels of release due to injury or cell death in vitro. The possibility exists that cell injury with its postulated leakage represents an alternative pathway for the release of trophic substances in culture. If trophic factors are indeed released or secreted from smooth muscle or epithelial/endothelial cells, it will be important to determine what mechanisms are involved.
The evidence presented in this article, although not conclusive, supports the hypothesis of the secretion of the soluble trophic factor from choroid smooth muscle cells. However, the possibility that factors with trophic activity are released into the extracellular milieu as a result of cell death or injury cannot be discounted (McNeil et al., 1989) . In the present study, and indeed in virtually all conditioned medium studies, the distinction between secretion of a factor versus the release of a factor from wounded or dying cells is potentially quite important. While Creedon DJ, Tuttle JB (1990) 
